Raman characterization has been employed to study key features of highly aligned single-walled carbon nanotubes grown on quartz substrates. The nanotubes are observed to possess an estimated metallic/semiconducting ratio of 1 : 2:7, and Raman spectra also confirm the high integrity of nanotubes before and after being transferred from quartz to Si/SiO 2 substrates. Based on the as-grown and the transferred aligned nanotubes, we have further fabricated top-and back-gated nanotube devices, respectively. The top-gated transistors exhibit ambipolar transport characteristics with high transconductance, small subthreshold swing of 110 mV/decade and on/off ratio of 10 7 , while the back-gated transistors show unipolar p-type characteristics. Furthermore, we have demonstrated polarity tuning to produce both predominately n-and p-type top-gated carbon nanotube transistors by controlling the polarity of gate voltage during electrical breakdown, which has great potential for building complementary carbon nanotube circuits. #
Introduction
Since discovered by Ijima in 1991, 1) single-walled carbon nanotubes (SWNTs) have been intensively studied owing to their unique structural, mechanical and electronic properties promising for many potential applications. 2) In particular, high carrier mobility and native small dimension of SWNTs render them to be a good candidate for nanoelectronics. Recently, based on multiple and parallel nanotube arrays on sapphire [3] [4] [5] or quartz, [6] [7] [8] Liu et al. 9) and Kang et al. 10) have produced high performance carbon nanotube devices, making a significant advance toward large-scale nanotube electronics. Furthermore, the full wafer-scale integrated nanotube circuits 11) using the aligned transferred nanotube arrays were successfully demonstrated by our group. Specifically, the aligned nanotube approach offers several advantages over the traditional nanotube approach using randomly grown nanotubes on Si/SiO 2 substrates, including registration free process, minimized parasitic capacitance, and less cross-talking between nanotubes. 12) However, previous studies uncovered some important aspects of highly aligned single-walled carbon nanotubes on quartz, such as metallic/ semiconducting ratio and the integrity of nanotubes before and after transfer, although aligned nanotubes are expected to have better structural/electronic uniformity along the nanotubes than unaligned nanotubes, namely, less chance of producing chirality change or intermolecular junction/ kink in a nanotube. In addition, there are two important technological components to be achieved for advanced complementary metal-oxide-semiconductor (CMOS) integrated nanotube circuits such as ring-oscillators, decoders, and shifters. One is the practical way to get both n-and p-type transistors and the other is the metallic nanotube removal to achieve high on/off ratio.
In this paper, extensive Raman characterization of the highly aligned nanotubes on quartz revealed the polarization of Raman spectra, the metallic/semiconducting nanotube ratio, and the defect density. Based on the aligned nanotubes and the transferred nanotubes, we fabricated nanotube transistors with top-gate and back-gate, respectively. Furthermore, we demonstrate a way to controllably obtain either predominantly n-or p-type nanotube transistors by controlling the gate voltage polarity during electrical breakdown. Transistors made by this approach may lead to their integration into large-scale CMOS circuits.
Experiment and Results
Both aligned nanotubes on quartz and unaligned nanotubes on Si/SiO 2 are grown on patterned Fe catalyst 13) by conventional chemical vapor deposition (CVD) method. 14) Briefly, the substrates were first cleaned with acetone and isopropanol, photolithography was then used to open windows on the substrates followed by catalyst deposition using thermal evaporation. After removal of the photoresistor, the samples were calcinated at 900 C for 10 min in air to form oxidized catalyst islands at controlled positions. Finally, the nanotubes were grown with the gas flow of C 2 H 4 (10 sccm), CH 4 (2500 sccm), and H 2 (600 sccm) at 900 C for 10 min.
With these nanotubes, we performed the detailed characterization in terms of diameter distribution and Raman analysis of polarization, defects and metallic/semiconducting nanotube ratio. Figure 1(a) shows scanning electron microscopy (SEM) image of the aligned nanotubes with source and drain metal contacts, which also function as alignment marks to facilitate the Raman studies. Before defining the metal contacts, we used atomic force microscopy (AFM) to scan the aligned nanotube samples. Figure 1 (b) shows a histogram of nanotube diameter distribution outside the region of catalyst islands based on the topographic height, revealing a diameter distribution of 1:15 AE 0:40 nm. Based on SEM image and AFM, we can clearly say that the as-grown nanotubes are highly aligned with relatively narrow diameter distribution.
To further characterize the produced nanotubes, we measured Raman spectra of the individual nanotubes in the region between two catalyst islands or two metal contacts shown in Fig. 1(a) . The nanotubes on quartz were characterized in terms of their metallic to semiconducting ratio using a micro-Raman system (100Â objective with numer-ical aperture of 0.95) equipped with three monochromatic sources with wavelengths of 532 nm, 633 nm, and near infrared 785 nm. By combining micro Raman spectroscopy and SEM, we were able to obtain accurate spectroscopic information at a single nanotube level throughout the device in Fig. 1(a) , and Raman spectra were taken with a resolution of $0:5 mm according to the numerical aperture employed. As a one-dimensional system, the excitation of normal vibration modes along the axis of aligned nanotubes exhibits a strong dependence on the linear polarization direction of the excitation source. Raman spectra of the aligned nanotubes were taken at random locations within the wavenumber region of 1540 -1650 cm À1 at six different angles of incidence of the laser polarization plane with respect to the nanotubes principal axis. Inset of Fig. 1(b) shows a typical measurement of the C=C stretch (G band) intensity as a function of the angle of polarization. The Raman resonance is strongly suppressed when the light is polarized perpendicular to the nanotube axis. This result gives a good insight of the high degree of alignment of nanotubes. The electronic nature of aligned nanotubes is also revealed by analyzing the two most intense peaks in the tangential vibration mode (G À lineshape due to the presence of free electrons in the conduction band. 14) A metallic to semiconducting ratio of 1 : 2:7 was determined by sampling 40 nanotubes. The result is summarized in Table I .
The nanotube molecular structure is important in defining its electrical properties. In particular, defects can limit the mechanical and electrical properties of nanotubes, and the nanotube device performance as well. The disorder-induced Raman band (D band) is common to sp 2 hybridized disordered carbon materials, 16) which is activated in the presence of hetero-atoms, vacancies, or defects that lower the crystal symmetry of the infinite lattice. 17) The full width at half maximum (FWHM) of D band for the sampled nanotubes was measured to be $20 cm À1 in average, indicating that the nanotubes are highly crystalline and that such a broad D band signal shows contribution from defects on the nanotube surface. The ratio between the intensities of the G band and the disorder-induced D band (I G+ =I D ) is usually used to characterize the defect density of carbon nanotubes. 15) However, as the ratio I G+ =I D depends on the excitation laser energy, 22) it is important to ascertain that the variation in I G+ =I D observed for the nanotubes corresponds to differences in the defect density and not to different resonance conditions. Therefore, we employed only one excitation laser energy to characterize defect density in nanotubes, which eliminates the variation due to different laser energies. In addition, we only included in the analysis nanotubes that were in resonance with the excitation laser employed, in order to avoid variations due to different resonance conditions between the nanotubes studied. Following this approach, we characterized the defect density of approximately 60 resonant nanotubes (average diameter 1.15 nm), with an excitation source of 532 nm (2.33 eV), using the Raman intensity ratio I G+ =I D .
15)
I G+ =I D ratio of less than 10 typically represents highly entangled, defective carbon nanotubes. 18) Figure 2 (a) shows that only a small fraction of our nanotubes have a highly defective structure with I G+ =I D less than 10. Besides, around 30% of the resonant nanotubes here have I G+ =I D ratio higher than 10 2 . This is comparable to a highly crystalline purified single-walled nanotube which shows a D band signal damping. On the other hand, 60% of the resonant nanotubes exhibited a low intensity D band with I G+ =I D between 10 and 10 2 . Almost the same trend is seen for the nanotubes synthesized on SiO 2 in Fig. 2(b) , which indicates that the straight aligned carbon nanotubes grown on quartz have comparable defect density to those produced on SiO 2 . Recently, a facile transfer process using Au film has been reported to easily transfer aligned nanotubes from the original quartz substrates to virtually any other substrates, and then fabricated nanotube devices. 10, 11, 19) In order to ascertain whether the transfer process induces defects in the nanotubes, we have taken Raman spectra from nanotubes before and after the transfer. Figure 2(c) shows the typical result from one nanotube, where little difference was observed, thus testifying to the high integrity of the transferred nanotubes. In addition, we characterized the defect density of approximately 60 nanotubes by comparing the Raman G and D line intensity. Figure 2(d) plots the distribution of the D and G band intensities for those nanotubes before and after the transfer process, and the majority of nanotubes exhibited very low D line intensity compared to G band intensity, indicating very good nanotube quality both before and after the transfer.
In order to investigate the transport properties of nanotube devices, we fabricated both top-and back-gated devices based on the as-grown aligned nanotubes and the transferred nanotubes, respectively. For the fabrication of nanotube transistors, we first used photolithography to define Pd source and drain electrodes with the channel width and length of 50 6 V and n-type behavior for V g > 0 V. The transconductance of this device can be derived to be 2.16 mS in the p region and 0.78 mS in the n region. We can also extract the subthreshold swing of this device as 110 mV/decade in the p region and 300 mV/decade in the n region, respectively. To clearly resolve the subthreshold regions at different drain voltages, we plotted a family of I-V g curves at different source-drain voltages of À1, À10, À100, and À1000 mV in Fig. 3(c) . One can see that the on/off ratio is as high as 10 7 at V ds ¼ À100 mV. At the small source-drain voltage (À1 mV), the I-V g curve shows a broad valley between À2:5 to 1 V, indicating a large band gap. 20) The seemingly flat valley observed in Fig. 3 (c) at low V ds (V ds ¼ À1 mV) between V g ¼ À2:4 to 0.8 V can be correlated with the energy gap (E g ) of the nanotubes. E g for nanotubes with diameter around 1.15 nm would be 0.6 eV, and the gate efficiency () of our devices can be estimated to be ¼ E g =ÁV g $ 0:2. Considering the dielectric thickness of 20 nm HfO 2 used for our devices, this value of $ 0:2 agrees well with values reported in the literature for similar top-gated nanotube transistors, such as a value of $ 0:6 for devices with 8 nm HfO 2 gate dielectric. In addition, Fig. 3(d) shows a family of I-V ds curves at different gate voltages in the p-region. The curves at gate voltages from À4 to À2:75 V are well separated with current saturation at higher source-drain voltage, while the curves at gate voltages from À2:50 to 2.00 V are almost overlapped to each other with very small current, which indicates that the gate threshold voltage is around À2:50 V. In contrast to the top-gated devices covered with HfO 2 layer, the back-gated devices with the transferred nanotubes showed p-type unipolar transport characteristics [ Fig. 3(b) ] due to the doping effect from moisture and O 2 in the air. In particular, the ambipolar behavior in the top-gated devices can be used for the polarity control of the transistor to get a predominant either p-or n-type one.
It is well known that the nanotube transistors with metallic nanotubes are not depletable with on/off ratio normally less than 10 due to the presence of metallic nanotubes in the conduction channels. On the other hand, these devices have a large amount of semiconducting nanotubes in the channel, which are different in the threshold voltage and band gap due to the doping and diameter variation, respectively. Therefore, out of the large population of nanotubes in the conduction channel, we could sort out one or some nanotubes with only n-or p-type behavior within a certain range of gate voltage sweeping controllably. To obtain the n-or ptype transistor, electrical breakdown was performed by sweeping source-drain voltage from 0 V while keeping gate voltage at V g ¼ À5 or 5 V, respectively. After each breakdown, we need to measure the gate transfer curve to check the on/off ratio and gate dependence. This breakdown process can happen for several times until we got good gate dependence with on/off ratio larger than 100. After the breakdown, one device shows predominately n-type behavior with significant improvement of on/off ratio (from 5 to 100) compared to that before any breakdown [ Fig. 3(e) ], while the other shows predominately p-type behavior with on/off ratio of 10 4 and one order of magnitude conductance reduction [ Fig. 3(f) ]. We found that the electrical breakdown process with different gate polarity (here, À5 or +5 V) can reproducibly lead to a transistor with predominately n-or p-type behavior based on the top-gated devices. It is believed that nanotubes with significant p-channel (n-channel) conductance enhanced by negative (positive) gate voltage were likely to be first removed together with metallic nanotubes, leaving predominately n-type (p-type) nanotubes untouched, during electrical breakdown. This approach can be used to build up the complementary nanotube circuits based on novel nanotube-on-insulator (NOI) approach.
Conclusions
In summary, the detailed characterization of aligned nanotube arrays have been performed by AFM and Raman microscopy in terms of diameter distribution, Raman polarization, defect analysis and the determination of metallic/ semiconducting nanotube ratio. We found that the aligned nanotubes on quartz have a comparable or slightly better quality than the randomly grown nanotubes on Si/SiO 2 substrates, and metallic/semiconducting ratio is 1 : 2:7. In addition, we have fabricated top-and back-gated nanotube devices, which showed different electrical characteristics. Moreover, we have demonstrated a way to produce both predominate n-and p-type top-gated nanotube transistors by controlling the polarity of gate voltage during electrical breakdown. This will render us a way to build up complementary nanotube circuits based on NOI platform.
